Abstract
Introduction
Glucocorticoids are known to have a wide range of clinical applications. For example, high-dose glucocorticoid pulse therapy is often used to treat acute inflammation and inflammatory tissue damage, including sepsis and acute lung injury (ALI) [1, 2] . Glucocorticoid pulse therapy is also widely applied for the emergency treatment of asthma and anaphylactic shock. The anti-inflammatory effects of glucocorticoids are generally believed to be mediated by genomic mechanisms, including the inhibition of nuclear factor kappa B (NFkB) expression; the downregulation of inflammatory cytokines, such as interleukin-1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α), and of adhesion molecules, such as intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1); and positive regulation of the synthesis of anti-inflammatory factor interleukin-10 (IL-10) [3] . However, these genomic mechanisms fail to explain the following effects associated with glucocorticoids: the rapid inhibition of granulocyte adhesion to vascular endothelium, the suppression of granule content release and the rapid therapeutic effects of glucocorticoids on asthma and type I allergy [4] . Although increasing numbers of researchers have shifted their attention to other potential pathways of glucocorticoid action, namely, non-genomic effects, it remains difficult to distinguish between genomic and non-genomic effects. At present, the genomic effects of glucocorticoids are distinguished from their non-genomic effects by the involvement of glucocorticoids in the direct regulation of gene transcription and protein synthesis. The signaling pathways underlying the non-genomic effects of glucocorticoids are poorly understood.
Rho-associated coiled-coil-containing protein kinase (ROCK) is the major downstream effector of Ras homolog family member A (RhoA). The two ROCK subtypes, ROCK1 (ROCKβ) and ROCK2 (ROCKα), are mainly involved in stress fiber assembly, cytoskeleton remodeling and focal adhesion complex formation. Previous studies have shown that downregulation of ROCK1 expression effectively reduces the adhesion of inflammatory cells to vascular endothelium [5, 6] . However, the link between ROCK1 and granulocyte release remains largely unknown; it is also unclear whether glucocorticoids exert rapid anti-inflammatory effects through the RhoA/ROCK1 signaling pathway.
The present study utilized rat neutrophils and the mononuclear cell line U937. The glucocorticoid dexamethasone (Dex) and the ROCK-specific inhibitor fasudil (Fas) were combined with blockers of genomic effects, including the glucocorticoid receptor antagonist mifepristone (RU-486 or M) and protein synthesis inhibitors, to investigate the role of the RhoA/ROCK1 signaling pathway in the glucocorticoid-induced rapid inhibition of neutrophil release and mononuclear cell adhesion. Phorbol 12-myristate 13-acetate (PMA), Dex, RU-486 and cycloheximide (CHX or C) were purchased from Sigma-Aldrich, and Fas was purchased from Asahi Kasei Pharma Corporation. Cell Counting Kit-8 (CCK-8) and the superoxide detection assay kit were purchased from Beyotime Institute of Biotechnology, and the myeloperoxidase (MPO) activity assay kit was purchased from Nanjing Jiancheng Bioengineering Institute.
Materials and Methods

Materials and equipment
Methods
Cell isolation and culture. Rat peripheral blood neutrophils were isolated using rat neutrophil isolation solution (TBD Science, China) according to the manufacturer's instructions. U937 and HUVEC cells were 4 U937 cells were added to each well. The cells were incubated for 30 min after stimulation, and after discarding the supernatant, the cells were gently washed 2 times with PBS. Ten microliters of CCK-8 solution was added to each well, followed by an incubation period of 1-2 h. The optical density (OD) values, which indicate the extent of cell adhesion, were measured at a wavelength of 450 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader.
Determination of ROCK1 activity. U937 cells were collected after the treatment. For each experimental group, ROCK1 protein was extracted from the U937 cells using a pull-down assay then aliquoted into Eppendorf (EP) tubes. Five microliters of anti-ROCK1 antibody (Santa Cruz, USA) was added to each tube, and the tubes were shaken at room temperature for 1-2 h. Twenty-five microliters of Protein A/G magnetic beads (Pierce, USA) was added to each tube, followed by thorough mixing of the solutions and incubation at room temperature for 1 h. After incubation, the magnetic beads were collected and washed gently 2-3 times. ROCK1 protein was eluted from the beads and stored for the activity analysis [8] . ROCK1 activity was measured by ELISA according to the instruction manual for the ELISA kit used (Cyclex, Japan). The absorbance was measured using wavelengths of 450 and 540 nm (OD 450 /OD 540 ).
Quantification of ROCK1 mRNA levels. Total RNA was isolated using the Trizol method, quantified using ultraviolet (UV) absorption and reverse transcribed using a reverse transcription kit (TaKaRa Bio Inc.). The resulting cDNA was quantified using a real-time fluorescence-based quantitative PCR kit (TaKaRa Bio Inc.). The following primers were used for the analysis: ROCK1 forward and reverse primers (5'-ATGAGTTTATTCCTACACTCTACCACTTTC-3' and 5'-TAACATGGCATCTTCGACACTCTAG-3', respectively) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) forward and reverse primers (5'-ACACCCACTCCTCCACCTTT-3' and 5'-TAGCCAAATTCGTTGTCATACC-3', respectively). The PCR reaction conditions were 95°C for 4 min and 40 cycles of 95°C for 30 s, 59°C for 15 s and 72°C for 15 s [9] . GAPDH was used as the internal reference.
Examination of RhoA activity. RhoA activity was measured using the RhoA activation assay kit (Neweast, USA). Equivalent amounts of total protein extracted from treated U937 cells were transferred to EP tubes, and the volume in each tube was adjusted to 1 mL using 1× lysis buffer. The protein extracts were mixed with 1 μL of anti-active RhoA antibody and a 20 μL volume of magnetic bead suspension then incubated at 4°C for 1 h with shaking. The magnetic beads were washed 3 times with 1× lysis buffer, collected and resuspended in 20 μL of sample loading buffer. After boiling for 5 min, the samples were centrifuged at 5000 x g for 10 s. Western blot analysis was used to compare the levels of active RhoA protein in the treatment and control groups.
Examination of RhoA and ROCK1 protein expression. Total cellular protein was extracted and quantified. Thirty micrograms of total protein was mixed with 2× loading buffer, boiled, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a 7.5% gel and transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked at room temperature for 5 h, incubated with anti-RhoA primary antibody (1:300 dilution, Neweast, USA) and anti-ROCK1 primary antibody (1:500 dilution, BD Biosciences, USA) at room temperature for 2 h and then mixed with goat anti-mouse/rabbit IgG secondary antibodies (1:5000 dilution, Sigma, USA). The proteins were visualized using an enhanced chemiluminescence (ECL) detection system and imaged. The intensity of each protein band was determined using Labworks 4.6 image analysis software, and β-actin was used as the internal reference [10] .
Results
The effects of PMA, Dex and Fas on the release of O 2 -and MPO from neutrophils As shown in Fig. 1 , compared to the control group, neutrophil stimulation with PMA (200 ng/mL) for 5, 15 and 30 min significantly increased the release of O 2 -and MPO (p<0.05), indicating that the stimulation was effective.
Dex at 10 -6 mol/L and 10 -7 mol/L inhibited the stimulatory effect of PMA to varying degrees, and both concentrations significantly decreased neutrophil release of O 2 -and MPO (p<0.05). In contrast, significant inhibition of O 2 -and MPO release by neutrophils was not observed with 10 -8 mol/L Dex or 100 μmol/L Fas, which specifically inhibits ROCK, compared to the control group (p>0.05). The above effects of Dex were not time dependent, and the results of the experiments described in 1.2.2 B revealed that RU-486 or CHX did not block the 10 -6 mol/L Dex inhibition of PMA stimulation Fig. 2 , compared to the unstimulated group, stimulation with PMA significantly increased U937 cell adhesion (p<0.01). Both Dex and Fas were found to significantly decrease the adhesion rate relative to the PMA stimulation group (p<0.01). In mol/L) and (or) M, C, Fas and cells were examined in 30min after PMA (200 ng/ mL) stimulated. *indicates P<0.05, comparing the corresponding groups to the control group; #indicates P<0.05, comparing the corresponding groups to the PMA group. Data are expressed as the mean ± S.E.M. One-way ANOVA and the Student-Newman-Keuls test were used, n=4 wells per group.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry contrast, no significant differences were detected among the PMA+Dex+M, PMA+Dex+C and PMA+Dex groups (p>0.05).
Effects of Dex on the expression and activity levels of ROCK1 protein in U937 cells
As shown in Fig. 3A , stimulation of U937 cells with PMA significantly increased ROCK1 activity compared to the control group (p<0.05), while both Dex and Fas inhibited ROCK1 activity (p<0.05). No significant differences were observed when comparing the PMA+Dex+M group or the PMA+Dex+C group to the PMA+Dex group (p>0.05). In contrast to its effect on ROCK1 activity, Dex did not affect ROCK1 mRNA expression or protein levels in U937 cells (p>0.05, Fig. 3B and 3C ). Figure 4A shows that the activity of RhoA protein were significantly higher in the positive controls than in the negative controls (p<0.01), indicating good experimental quality. PMA significantly increased RhoA activity (p<0.05). No drastic differences in RhoA activity were detected among the PMA+Dex, PMA+Dex+M and PMA+Dex+C groups (p>0.05). As shown in Fig. 4B , no significantly differences in RhoA protein expression among the groups.
Effects of Dex on the expression and activity levels of RhoA protein in U937 cells
Discussion
The mechanisms underlying acute inflammation-induced body injury primarily involve damage to the vascular endothelial cells by cellular contents, such as O 2 -and MPO released from neutrophils, and increased leukocyte adhesion to vascular endothelial and epithelial cells (cascade amplification), which is induced by the upregulated expression of various cytokines [11, 12] . Therefore, inhibiting the release of cellular contents from neutrophils and reducing leukocyte adhesion to endothelial cells have become the key strategies for the treatment of acute inflammation.
Consistent with the findings of previous studies, our preliminary experiments showed that the rapid inhibitory effect of glucocorticoids on inflammation was dose dependent but not time dependent. High doses of Dex inhibited inflammatory responses effectively and mol/L) and (or) M, C, Fas and cells were examined in 30min after PMA (200 ng/mL) stimulated. *indicates P<0.05, comparing the corresponding groups to the control group; #indicates P<0.05, comparing the corresponding groups to the PMA group. Data are expressed as the mean ± S.E.M. One-way ANOVA and the Student-Newman-Keuls test were used, n=4 wells per group. Liu 
rapidly (at 5, 15 and 30 min). Moreover, 10 -6 mol/L Dex significantly inhibited the adhesion of U937 mononuclear cells to HUVEC, and neither the glucocorticoid receptor antagonist RU-486 nor the protein synthesis inhibitor CHX suppressed this inhibition. Taken together, these results indicate that the inhibitory effects of Dex are mediated by non-genomic mechanisms as opposed to genomic mechanisms.
Previous studies have shown that downregulation of Rho kinase activity and inhibition of the Rho/ROCK signaling pathway reduce leukocyte adhesion in a variety of inflammatory responses [13] . In this context, ROCK has drawn increasing attention as a key inflammation regulator. For example, ROCK is known to play an important role in various inflammatory diseases, such as ALI, as well as in cardiovascular disease and ischemic brain damage [14, 15] . ROCK belongs to the serine/threonine protein kinase family and has two homologous isomeric forms, ROCKα/ROCK2 and ROCKβ/ROCK1. Whereas ROCK1 regulates adhesion and infiltration of the inflammatory cells, ROCK2 exhibits no such effects [16] . Accordingly, the ROCK1 subtype is recognized as a major factor involved in the adhesion of inflammatory cells, and we hypothesize that glucocorticoids reduce inflammatory responses through short-term non-genomic effects including inhibition of ROCK1 activity or expression.
The present findings show that the ROCK inhibitor Fas significantly decreased U937 cell adhesion in the short term but had no significant effects on the release of O 2 -and MPO from neutrophils. These results suggest that ROCK1 is a key regulator of mononuclear cell adhesion but not of cellular content release from neutrophils. Dex significantly inhibited ROCK1 activity in the short term without affecting ROCK1 protein expression; moreover, the effects of Dex could not be reversed by RU-486 or CHX. Analyzing the expression and activity levels of ROCK1 protein showed significant decreases in ROCK1 activity in the Dex and Fas treatment groups compared to the PMA stimulation group. In contrast, no differences were observed in terms of ROCK1 protein abundance. Real-time PCR also revealed no changes in ROCK1 mRNA transcript levels following Dex treatment. Taken together, these results indicate that the effects of Dex did not involve the regulation of protein synthesis and that Dex inhibition of U937 cell adhesion and neutrophil content release was mediated through ROCK1-dependent non-genomic mechanisms and ROCK1-independent mechanisms, respectively.
As a key upstream effector of ROCK1, RhoA regulates ROCK1 activity and directly activates ROCK1 through interactions with the ROCK1 rho-binding domain (RBD) [17] . It remains unclear whether glucocorticoids affect ROCK1 activity through RhoA regulation. While ROCK1 activation is generally believed to be primarily dependent on RhoA [18] , the present findings that Dex had no significant effects on RhoA protein expression or activity levels in the short term indicate that Dex inhibition of ROCK1 activity involved RhoAindependent signaling pathways. Nevertheless, the mechanisms by which Dex regulates ROCK1 activity remain to be elucidated. Rubenstein et al. have reported that Dex differentially regulates the activity and expression of ROCK1 and ROCK2 proteins [8] despite their high sequence similarity in the catalytic domain and the Rho-binding domain. We therefore hypothesize that the pleckstrin homology (PH) domain, for which ROCK1 and ROCK2 have 65% homology, is a key structure for differential regulation.
The PH domain is a functional protein domain approximately 120 amino acids in length. It is found in a wide range of signaling proteins and cytoskeleton-related proteins and mediates the interactions between signaling molecules in cellular signal transduction networks [19] . Although the functions of the PH domain are not yet fully understood, the following functions have been proposed: interaction with the β/γ subunits of heterotrimeric guanosine nucleotide-binding proteins (G proteins) [20] ; interaction with lipids and charged phospholipids, such as phosphatidylinositol (4, 5)-bisphosphate (PI 4,5 P 2 ) [21] ; interaction with phosphorylated serine/threonine residues [22] ; and membrane attachment through an unknown mechanism.
We hypothesize that external stimulation triggers the localization of ROCK1 from the cytoplasm to the cell membrane and that this process is mediated by the ROCK1 PH domain. Dex may potentially interact with this particular domain through membrane glucocorticoid Another possibility is that Dex interacts with the ROCK1 PH domain through the β/γ subunits of G proteins and thereby exerts its inhibitory effects [23] . The finding that Dex treatment did not affect the transcription or translation of the target proteins indicates that the effects of Dex involve non-genomic mechanisms; however, the molecular mechanisms underlying Dex activity remain to be elucidated. In summary, the rapid inhibitory effect of Dex on inflammatory responses was found to involve the regulation of neutrophils and mononuclear cells through distinct mechanisms, presenting new ideas for understanding the mechanisms underlying the anti-inflammatory effects of glucocorticoids.
Disclosure Statement
The authors have not disclosed any potential conflicts of interest
